This letter presents the design, fabrication, and testing results of a piezoelectrically transduced UHF micromechanical resonator. The resonator is designed to vibrate in the ͑2, i͒ in-plane mode, and thin-film zinc oxide is used for piezoelectric transduction. A four-mask process is developed to fabricate the resonator on silicon on insulator wafer, and the maximum processing temperature is kept below 250°C. Prototypes with various diameters are fabricated, with a measured resonant frequencies span from 44.97 MHz to 1.14 GHz. Quality factors around 200 are obtained on different devices. Motional impedance in the range of several hundred ohms is demonstrated.
Due to their small sizes, on-chip integration potential, and better performance, micromechanical resonators are attractive as replacements for the off-chip filters and oscillators currently used in communication systems. The electrostatically transduced microresonators have been intensively researched in the past decade and proven to be promising in achieving both ultrahigh frequency ͑Ͼ1 GHz͒ and high Q͑Ͼ10 000͒. Recently demonstrated frequency-Q products of 1.7ϫ 10 13 from the in-plane modes of electrostatically transduced disk or ring resonators have exceeded that of some best quartz crystals. 1, 2 Although the frequency-Q products of these devices are impressive, their motional impedances were too high for them to be directly coupled with signal processing circuits or antennas. Further shrinking the current 0.1 m electrode gap is required to reduce the impedance to an acceptable level, which imposes a major fabrication challenge. In addition, the deposition temperatures of the structural material, which is polycrystalline silicon ͑polysilicon͒ or polycrystalline diamond, complicate the integration of these devices with prefabricated complementary metal-oxide-semiconductor ͑CMOS͒ circuits.
In rf range, piezoelectric transduction may provide significant advantages over electrostatic transduction, especially in impedance matching, since the coupling coefficient of piezoelectric transduction is several orders higher than that of electrostatic transduction. 3 Film bulk acoustic resonators ͑FBARs͒ have been commercialized with extremely low impedance several ohms. However, the resonant frequency of FBAR is set by the thickness of the structure material, precluding the integration of different frequencies on the same chip. Recently, piezoelectric transduction was adopted in microresonators to address the excessively high characteristic impedance of the electrostatically transduced resonator. [4] [5] [6] By employing a thin-film piezoelectric transducer on top of a single-crystal silicon resonator, we intend to combine the highQ of electrostatically transduced silicon resonators with the low-impedance characteristic of piezoelectrically transduced resonators. In-plane modes are employed as the primary modes of resonance, allowing a reasonable device size range without stressing fabrication precision requirements. Figure 1 depicts the three-dimensional schematic view of the designed resonator. This design is composed of a piezoelectric transducer and a silicon disk supported at its edge. Low resistance silicon is used as both structural layer and bottom electrode. The piezoelectric thin-film zinc oxide is sandwiched between the top metal electrode and the bottom silicon. The electrical field is coupled into lateral stress through piezoelectric coupling coefficient d 31 in one radius direction defined by the top electrode, as shown in Fig.1 . This lateral stress is transferred onto the top surface of the silicon disk and drives it into wineglass mode. Since the stress is off the neutral plane of the disk, the resonant mode would inevitably have some out-of-plane impurities. result, proper disk thickness design is desired. The resonant frequency of this design is determined primarily by the radial dimension of the silicon disk, thus the multiresonators with different frequencies could be easily realized by varying the dimension. For the ͑n , i͒ resonant mode of an infinitely thin isotropic disk plate, the resonant frequency is given as
, and q are defined as
where R, , E and are radius, density, Young's modulus and Poisson's ratio, respectively. ⌿ n ͑x͒ is the modified quotation of the Bessel function of the first kind J n ͑x͒, and is defined as
The solution to this equation is periodical, and the ith root corresponds to theith harmonic order. Using a Young's modulus of 170 GPa and Poisson's ration of 0.22, the ͑2, 5͒ harmonic of a 30-m-diam disk occurs at the resonant frequency of 1.03 GHz, which matches the measurement result within 1% mismatch. A four-mask low temperature process has been developed to fabricate the resonator. This process features a thermal budget that is amenable to post-CMOS integration. In this work, zinc oxide is chosen as the piezoelectric transducer for its high electromechanical coupling coefficient and relatively mature fabrication process. 8 Since the in-plane mode vibration is used, the structural layer is designed to be 5 m thick for 30-m-diam disks and 20 m for 100-m-diam disks, to ensure plain stress assumption and partially suppress the out-of-plane spurious mode. Figure 2 shows the cross-sectional views of the process flow.
The first masking and etching step defined the resonator with inductively coupled plasma deep reactive ion etching ͑DRIE͒, exposing the buried oxide layer. A thin layer of zinc oxide ͑0.8 m͒ was then deposited by rf sputtering. The zinc oxide was then etched using either a solution of acetic acid, 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: phosphorus acid and de-ionized water with concentration of 1:1:110 or 5% NH 4 Cl solution at 55°C. Nevertheless, the lateral undercut is quite pronounced for both recipes, and compensation for this undercut must be accounted for in the mask design. Five hundred Å of Gold was evaporated and patterned with lift-off to form the top electrode. The bottom side of the silicon on insulator wafer was patterned with double-side alignment and etched through with DRIE to the oxide layer. The device is released by removing the buried oxide layer with 6:1 buffered oxide etchant. Resonators with various diameters are fabricated using this process. scanning electron microscopy ͑SEM͒ images of three prototypes are shown in Fig. 3 . The sidewall profile of the DRIE-etched disk is shown in Fig. 3͑d͒ . The scalloping surface roughness was typical of an un-optimized DRIE process, and very likely contributed to surface losses. All the devices are tested under atmospheric pressure. Earlier, one port devices with a diameter of 100 m and four supporting beams ͑10 m wide by 42.6 m long͒ were tested with HP8753D network analyzer. Direct Current probes used in this earlier measurement induced significant signal loss and partially contributed to the observed low quality factors. 5 The 30-m-diam devices are tested using Agilent 8722ES network analyzer. The network analyzer was short-open-load-through ͑SOLT͒ calibrated using a CS-5 calibration substrate from Picoprobe, Inc. The impedance ͑Z͒ was evaluated from the measured S 11 with
where Z 0 is the characteristic impedance of the transmission line. In our characterization, Z 0 is 50 ⍀. The resonant peaks were determined at zero imaginary impedance. The quality factors were calculated with the formula
Typical S 11 measurement is plotted in Fig. 4 and calculated impedance is plotted in Fig. 5 . Table I summarizes the measurement results. By employing piezoelectric transduction, the nano-gap fabrication required for capacitive transduction is eliminated, and, more importantly, the impedance has been demonstrated to be in hundreds ohm range at GHz range. Piezoelectrically disk resonators are designed, prototypes are fabricated and characterized, which proves the design principle. Future efforts will concentrate on improving Q substantially by optimizing the design and fabrication processes. 
